Abstract: Highly toughened super high-impact polystyrene (HIPS)/organophilic montmorillonite (Org-MMT) nanocomposite was prepared by solution blending method. Organophilic modification of MMT layered silicate was achieved by using a special toughener-intercalant, quaternary ammonium salt of -tertiary amine functionalized polybutadiene and shown by X-ray diffraction analysis. The resulting HIPS/Org-MMT nanocomposite was characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), atomic force microscopy (AFM), thermogravimetric analysis (TGA), and static and dynamic mechanical analyses. The morphological study of HIPS/Org-MMT nanocomposite showed that nanolayers were exfoliated in nanocomposite and moreover caused much more well dispersed and reduced PS occluded rubber domains. This mechanism was found to be responsible for dramatic increase in toughness of nanocomposites. Additionally, improved thermal and dynamic mechanical properties of the resultant nanocomposite promises to open a new way for highly toughened super HIPSs via nanocomposite assemblies even with a very low degree of clay loading.
Introduction
Polymer-layered silicate (clay) nanocomposites (PLSN) have attracted major attention with their improved physical and chemical properties due to the small size and large interfacial area of the layered silicate particles with nanoscale dimension. [1] [2] These nanocomposites have shown enhanced mechanical properties, such as increased stiffness and strength, [3] [4] [5] [6] [7] [8] thermal stability and flame retardancy, [9] [10] [11] and gas barrier properties, [12] [13] [14] even at very low filler content compared to polymer matrix itself. The polymer/layered silicate nanocomposites have been prepared by in-situ polymerization, solution and melt blending techniques. Nanocomposites may be described as intercalated, if the clay is well-dispersed and the registry between the clay layers is maintained, or exfoliated, also known as delaminated, if this registry is lost. [1] [2] Even though the homogeneous dispersion of the delaminated silicate layers is desirable for maximum reinforcement of the properties, the individual nanolayers are not easily separated and dispersed in most polymers, due to intrinsic incompatibility of hydrophilic layered silicates and hydrophobic polymer matrix. [15] Thus the silicate layers are usually treated with a cationic surfactant to obtain organically modified clay (organoclay) prior to use. The selection of the cationic surfactant is also important, because it can expand the clay galleries as well as improve the compatibility between clay and the polymer or monomer [16] [17] . In order to achieve compatibility, clay can be modified with either low molecular weight 'onium' ions generally resulting in low thermal stability due to the degradation of the 'onium' ion around 200 o C as well as poor dispersion or a polymeric/ oligomeric system with a higher thermal stability. [18] [19] [20] The high-impact polystyrene (HIPS) , due to its high rigidity and ease of coloring and processing [21] [22] [23] , has been widely used in industrial applications such as packaging, toys, bottles, housewares, electronic appliances, and light-duty industrial components. Its two-component system such as PS and PB opens the ways for improvement in properties by varying the molecular weight distribution of polymerized PS and rubber phases, particle size distribution of rubber particles on PS matrix, degree of grafting, cross linking, and so on [24] [25] . Producing HIPS requires the addition of 6-8.5 wt% rubber which ends up being 15-30 vol% due to polystyrene occlusions. On the other hand, new HIPS systems with higher impact resistance is needed and the search already begun. One of the proposed way to achieve this goal, was to increase the amount of rubber content which is limited in some commercial HIPS processes to only 15 wt% [26] . A higher amount of rubber cannot be used due to agitation limitations. These limitations made it difficult to increase the rubber content above 12% by weight. Alfarraj et al., on the other hand, achieved some improvements in impact strength of HIPS by blending additional PS, rubber and diblock copolymer as compatibilizer whereas low speed test related properties exhibited negative synergism [21] .
Searching the possibility of synthesis of new HIPS with much more toughened structures via nanocomposite assemblies having special extra toughening agents within the interlayer galleries of layered silicas would be an orginal solution. But, in order to produce nanocomposite with such improved properties, existence of homogeneously dispersed ultrafine silicate layers in the form of exfoliation seems to be essential. Literature has some studies regarding the preparation of high-impact polystyrene (HIPS)-organoclay nanocomposites by using organophilic modification of clay with octadecylammonium salt [27] , vinylbenzylchloride grafted polybutadiene [18] , ammonium salts of copolymer of styrene-lauryl acrylate and vinylbenzyl chloride [28] all resulting in only intercalated nanocomposites. On the other hand, a cationic initiator as initiator-intercalant have been reported to produce an exfoliated nanocomposite via only insitu polymerization of styrene and dissolved polybutadiene in toluene but not via melt blending of the components. [15] In this paper, preparation of HIPS/Org-MMT nanocomposites by using solution blending method was reported. Special attention was paid to the enhancement of toughness and vibrational damping properties of HIPS by the introduction of low molecular weight toughener to interlayer galleries as intercalant in nanocomposite structure . Static-dynamic mechanical properties, morphology and thermal properties of resultant nanocomposite were all studied and discussed in detail.
Results and discussion

X-ray diffraction analysis
XRD patterns provide information about the d-spacing of the intercalated/exfoliated structures by following Bragg's Law at peak positions. For this reason, in this study, the organophilic modification was followed by XRD analysis. Basal spacing of pristine Modification of MMT clay was also confirmed by TGA and the data is given in Figure  2 . It is clear from the figure that Org-MMT shows a lower decomposition onset temperature as well as higher degradation dependent weight loss compared to pure MMT. This result can be accepted as an indication of the successful modification of the MMT clay.
The clay dispersion in HIPS matrix, on the other hand, was also investigated via further XRD analysis given in Figure 1 . The resulting nanocomposite did not show a noticeable (001) peak appearing in their diffraction pattern. This can be attributed to the fact that these silicate layers were exfoliated and/or perhaps partially exfoliated in HIPS matrix. [1] 
Transmission Electron Microscope Analysis
Rubber domain dispersions in the nanocomposite were followed with TEM analysis. Figure 3 presents the TEM image of HIPS and HIPS/Org-MMT nanocomposite with 3 wt.% Org-MMT loading. As a typical morphological component of the commercial HIPS, [21] the polystyrene occluded rubber domains with ca.1.0-1.5 micron diameter are clearly seen in Fig. 3a . On the other hand, it is also clearly seen that in the nanocomposite structure (in Fig. 3b ), these domains significantly reduce to submicron scale, almost several hundred nanometers in sizes. Reduction in the domain size may be attributed to the nano size directed domain morphology gained by the presence of nanosilica layers most probably due to the compatible nature of the intercalant with the dispersed rubber phase in polystyrene matrix. [20] Figure 4 shows AFM images of HIPS and its nanocomposite. As can be seen from the nanocomposite image in Fig. 4b , the rubber particles in the HIPS matrix dispersed more homogeneously with much smaller size, ca 200 nm, compared to HIPS itself (Fig. 4a ) most probably due to inclusion of the nanosized silica plates selectively in dispersed rubber phase and distruption of the continuity of this discrete phase via shear thinning then resulting in smaller domains. Moreover, a certain degree of ordered structure in nanoscale seems to begin to form in the nanocomposite probably due to the guiding effect of the crystalline arrays of silica layers in 3 wt. % loading. The initiation of such order in the crystalline arrays resulting in formation of some intercalated regions may also explain the existence of a slight shoulder in XRD pattern. In order to differentiate nanosilica morphology from rubber phase, a further AFM study was conducted with etched surface of the nanocomposite in which the rubber phase were selectively removed via etching solution, leaving resistant silica phase behind. The nanoscale dispersion in the etched nanocomposite was easily observed as shown in Fig. 5 . In the figure, partly nano-sized stacked silica platelets are largely separated from each other and oriented in all possible directions in the matrix with a thickness of ca 62.7 nm; largely separated from each other (ca 230 nm) and oriented in all possible directions to one another in the matrix as a further confirmation of XRD peak disappearance.
AFM Analyses
Thermal Stability Tests
The thermal stabilities of conventional HIPS and its nanocomposite were studied by TGA. Figure 6 shows the TGA thermograms of HIPS and its nanocomposite. As it can be seen from the figure, the mid-point degradation temperature (T d50 ) was found to be higher for the polymer nanocomposite than that of neat HIPS. Also, the peak maximum from the first derivative (DTG) of weight loss, which is representative of the temperature at which maximum rate of weight loss occurs, was found to be higher for the nanocomposite with a lower rate of decompositon compared to that of neat HIPS. Therefore it can be safely stated that HIPS/Org-MMT nanocomposite has a higher thermal stability with a higher char yield relative to the neat HIPS. This enhanced thermal stability of the nanocomposite may be attributed to confinement of HIPS chains between the MMT layers, which restricts molecular mobility of polymer chains [29] and results in a compact silica-matrix structure inhibiting heat transfer through composites and slowing down the escaping of volatile degraded products from the system. [20] 
Static Mechanical Analyses
Static mechanical properties of HIPS/Org-MMT nanocomposite and neat HIPS have been investigated and the data is tabulated in Table 1 and given in Figure 7 . It is clearly seen that the presence of organoclay has a significant effect on the tensile properties of the pristine HIPS. Addition of Org-MMT clay in 3 wt. % loading increases tensile strength and especially work up to break, which is a measure of toughness, values. It is known that the bimodally distributed rubber particle size has a key role in the enhancement of toughness especially if the most rubber particles have less than 1 m in size. [30] Okamato suggested that the long extended crazes were induced by the large particles overlapped by the crazes from small particles in the vicinity of the large particles, leading to higher impact strength [31] . In the nanocomposite prepared in this study, dramatic increase observed in toughness value is most probably resulting from the rubber domain size of ca 200 and 700 nm acting as small and large domains creating abovementioned synergism. 
Dynamic Mechanical Analyses
Dynamic mechanical performance was also investigated for HIPS and HIPS/Org-MMT nanocomposite. The tan delta versus temperature and storage modulus versus temperature plots are shown in Figures 8 and 9 respectively.
Two distinct relaxation temperatures of the elastic rubber phase and rigid PS phase at around -80 C and 90 C, respectively, in Fig 8 are the characteristics of two phase HIPS system. Compared to neat HIPS, nanocomposite was found to have higher tan peak temperature indicating an increase in glass transition temperature (T g ) of the main matrix and enhanced thermomechanical properties. This trend is in good agreement with the increase in storage modulus value given in Fig. 9 . This can be attributed to the better dispersion of toughened silica layers in the matrix leading to large surface area of the clay interacting with the polymer, so preventing the segmental motions of the polymer chains. On the other hand, almost no change in rubber relaxation temperature is most probably due to the two following counter effects leading to constant transition temperature. It is believed that, with rubber size reduction, both softening of domains via disruption of PS in domains and stiffening of the domains via selective insertion of rigid nanosilica platelets occur. Also, high damping temperature range for rubber phase and high tan delta value can be accepted as an indication of high damping capacity meaning that these nanocomposites can act as an effective damper in a quite large temperature range.
Conclusions
Organophilic modification of clay was achieved successfully with quaternary ammonium salt of tertiary amine functionalized polybutadiene as a new toughener intercalant and super HIPS nanocomposite was prepared with 3 % organoclay loading via solution blending technique. Morphological studies showed that as compared to conventional HIPS, in the nanocomposite, the PS occluded rubber domains dispersed more homogeneously with much smaller size, ca 200 nm. By decrease in rubber domain size as well as exfoliation of the nanolayers in HIPS matrix it was possible to achieve a major improvement in ultimate properties such as toughness, thermal stability and vibrational damping property.
Experimental part
Materials
HIPS (STYRON A-TECH 1175) containing 30 vol.-% polybutadiene was supplied from the Dow Chemical Company-Germany. Layered Silicate 'montmorillonite' (MMT) with cationic (Na + ) exchange capacity (CEC) of 100 meq/100g (Nanofil1080) was kindly provided by Süd-Chemie, Moosburg, Germany. α-tertiary amine functionalized polybutadiene with 44% vinyl content and having M n value of 1200 was supplied from Repsol YPF,S.A. Its quaternized form was used for organophilic modification of MMT. Tetrahydrofuran (THF) solvent was the product of Merck-Germany and used as received.
Quaternization of tertiary amine functionalized polybutadiene
A 3% solution of tertiary amine functionalized polybutadiene was quaternized with five times excess amount of methyl iodide (1 mL) in THF at 50 The product was then characterized with 1 H NMR spectroscopy. Appearance of a peak at 3.75 ppm was assigned to -CH 2 bonded to quaternary nitrogen atom in quaternized product as reported in literature [32] .
Organophilic Modification of MMT
Organophilic montmorillonite was obtained by using the quarternary salt of functionalized polybutadiene through an ion-exchange reaction. 3 g of MMT was dispersed in 300 mL of THF at 25 o C for 24 h and a seperate solution of 1.5 g quarternary ammonium salt of polybutadiene in 150 mL THF was magnetically stirrred for 1 h. Then, these two solutions were mixed and stirred for 24 h at room temperature and recovered as a solid by successive washing with THF and ultracentrifugation. Recovered solid was then finally filtered and dried at 50 o C in a vacuum oven for 24 h.
Preparation of HIPS Nanocomposites
3 wt-% (by weight of HIPS) organophilically modified MMT was mixed with a HIPS solution in THF. The solution was then poured onto a cleaned glass surface. After removal of THF, the nanocomposite was obtained as thin film.
Characterization of the nanocomposites
In order to measure the basal spacing (d 001 reflection) of MMT clays and HIPS nanocomposite, X-ray diffraction (XRD) measurements were conducted on a Rigaku D/Max-2200 Ultima diffractometer with CuK radiation ( operating at 40 kV and 40 mA.
Transmission electron microscope (TEM) images were obtained at 160 kV, with a JEOL/JEM-2000 FX electron microscope. Very thin, ca 50 nm, samples were cut from ca 0.5 mm solution cast films by using ulramicrotome LKB, Cryo Nova equipped with a cryogenic system. Atomic Force Microscopy (AFM) was performed by using Quesant-Ambios Universal Scanning Probe Microscope (USPM) (Ambios Technology, Santa Cruz, CA). Phase mode imaging was performed using a silicon nitride cantilever probe with a nominal resonance frequency around 170 kHz and a nominal tip radius of 5-10 nm. Solution casted thin films were directly scanned for investigating dispersion of rubber particles. Then samples were etched with a mixture of hydrochloric acid and nitric acid to remove rubber phases so that the clay particles were detectable on the surface. Tensile stress-strain data were determined using a Universal Testing instrument (Zwick -1446) operating at room temperature and with 5 mm/min drawing rate. Rectangular samples were cut from thin solution cast films in dimensions of 0.55x12.5x80 mm.
Dynamic mechanical properties of the composite and HIPS matrix were measured with a dynamic mechanical analyzer (DMA Q800, TA Instruments, New Castle, DE, USA) in single-cantilever mode at a frequency of 1 Hz and a heating rate of 5 o C/ min. The samples for the DMA experiments were compression-molded into rectangular shapes at elevated temperatures and a pressure of ca 170 bar. The average dimensions of the molded samples were 17 mm × 13 mm × 3 mm.
